1. INTRODUCTION {#sec1}
===============

Parkinson disease (PD), characterized by tremor, rigidity, bradykinesia and postural instability, is the second most common neurodegenerative disorder among the elderly population \[[@r1]-[@r4]\]. Decreased pigmentation in the substantia nigra pars compacta (SNpc) due to the loss of dopaminergic neurons is the most common pathological finding of PD \[[@r5]\]. Most PD cases occur in a sporadic manner while 5% to 10% of cases are inherited with mutations identified in several genes in families \[[@r6]\]. Although familial PD is relatively scarce, comprehending the function of mutated gene products will provide a precious opportunity to clarify the molecular pathogenic mechanisms and pathways underlying neuronal degeneration and to develop disease-modifying or neuroprotective therapies.

At least 20 genes are associated with familial PD, while \>20 genetic risk loci have been reported from PD genome-wide association studies (GWAS) \[[@r5]\]. The most noticed genes are those encoding α-synuclein (SNCA), glucocerebrosidase (GBA), parkin (PARK2), Pten-induced kinase 1 (PINK1), microtubule-associated protein tau (MAPT) and leucine-rich repeat kinase 2 (LRRK2) \[[@r5]\]. Mutations in the LRRK2 gene have been recognized as genetic risk factors for both familial and sporadic forms of PD \[[@r7]\]. The structure of LRRK2 contains a combination of guanosine triphosphatase (GTPase), kinase, and scaffolding domains \[[@r8]\], and the pathological functions of LRRK2 have mainly been associated with aberrant kinase activity. In general, high kinase activity of LRRK2 pathogenic mutants has been associated with pathological features of PD, such as dopaminergic neuronal cell death, impaired dopamine neurotransmission, defects in protein synthesis and degradation, inflammatory responses, and oxidative damage \[[@r7], [@r9]\].

*In-vitro* studies indicated that LRRK2 induced Ser/Thr phosphorylation but not Tyr phosphorylation and G2019S mutation augmented LRRK2 kinase activity, which results in overphosphorylation of downstream mitogen-activated protein kinase (MAPK) kinase (MKK), and eventually leads to activation of neuronal death signal pathway \[[@r10]\]. In addition, LRRK2 is reported to be able to up-regulate SNCA transcription *via* specific activation of the extracellular signal-regulated kinases (ERK) cascade \[[@r11]\]. Lewy bodies (LBs) are the pathological hallmark of PD. α-synuclein, the major protein component of LBs, is one of the key molecules involved in familial and sporadic PD \[[@r12]\]. Aberrant accumulation of α-synuclein can promote both neuronal dysfunction and neuroinflammation by activating microglia abnormally, the resident immune cells of the brain \[[@r13]\]. Microglial activation is a normal biological process in which microglia respond to changes in their local environment, dynamically modifying their contributions to central nervous system function accordingly \[[@r14]-[@r16]\]. In other words, LRRK2 could mediate α-synuclein-induced microglial activation based on either a commonality of receptor pathways responding to α-synuclein, or a potential involvement in multiple microglial signaling cascades \[[@r17], [@r18]\]. This indicates that these PD-associated genes may impulse the progression of inflammation-mediated neurodegeneration *via* participating in abnormal immune responses \[[@r19]\]. Thus, in the present review, we will provide valuable insight into the MAPK kinase of LRRK2 and its emerging function in the regulation of SNCA and neuroinflammation in the molecular mechanisms underlying the pathogenesis of PD.

1.1. The Structure and Localization of LRRK2 {#sec1.1}
--------------------------------------------

LRRK2 is a large (2527 amino acids) protein consisting of several domains with different functions. The central portion of LRRK2 contains a Ras of Complex (Roc) GTPase and a C-terminus of Roc (COR) domain, followed by serine-threonine kinase domains. The ROC-COR bidomain and kinase region together constitute the catalytic core of LRRK2, which therefore encompasses two enzymatic activities \[[@r20], [@r21]\]. In addition, there are several protein--protein interaction domains including ankyrin and leucine-rich repeat motifs at the N-terminus, and WD40 repeats at the C-terminus \[[@r22]\].

LRRK2 is widely expressed in many tissues such as brain, heart, kidney and lungs \[[@r23]\]. It is also reported that in biofluids such as urine, cerebrospinal fluid (CSF) and blood, with LRRK2 found in peripheral blood mononuclear cells (PBMCs), including lymphocytes and monocytes \[[@r24]\]. In the mammalian brain, both mRNA and protein of LRRK2 have been detected highly expressed in dopamine-innervated areas such as cerebral cortex, striatum as well as in the cerebellum and hippocampus, while at low levels in dopaminergic neurons of the substantia nigra and ventral tegmental area \[[@r25]-[@r27]\]. In cells, LRRK2 is mainly found throughout the cytoplasm associated with various intracellular membranes and vesicular structures, such as lipid raft, early endosomes, lysosomes, plasma membrane and synaptic vesicles, as well as in the endoplasmic reticulum, Golgi complex and outer mitochondrial membrane \[[@r28], [@r29]\].

1.2. LRRK2 and Its Mutations in PD {#sec1.2}
----------------------------------

Mutations in LRRK2 are account for 5--13% of familial PD and 1--5% of sporadic PD \[[@r20]\]. Seven of the reported missense LRRK2 mutations have been identified as pathogenic, including R1441G, R1441C, R1441H, Y1699C, G2019S, R1628P, G2385R and I2020T, which are located in different functional domains of LRRK2 \[[@r22], [@r30]\]. Interestingly, variants in LRRK2 are appeared to be population-specific. For example, the G2019S mutation (substitution of glycine 2019 with a serine) which leads to constitutive activation of the kinase is the most prevalent \[[@r31]\], and it contributes to \~36% of familial and sporadic PD in North Africa Arabs \[[@r32]\], \~30% of familial PD in Ashkenazi Jewish populations \[[@r33]\], up to 6% of familial cases in Europe and 3% of apparently sporadic PD in Europe and North America \[[@r34]\], but it is absent in Asian populations \[[@r35]\]. Several other LRRK2 mutations, including G2385R, R1628P, S1647T, R1398H and N551K, have been reported to be associated with PD in specific Asian populations \[[@r36]-[@r39]\]. Independent studies from Singapore, Taiwan and mainland China have demonstrated that the G2385R or R1628P variant increases the risk of PD in Chinese populations \[[@r36], [@r37], [@r40]-[@r43]\]. In addition, the G2385R variant has been indicated to increase the risk of PD in Japanese and Korean populations \[[@r44], [@r45]\]. Moreover, these variants have not been found in Indians and other Caucasians \[[@r46]\]. There is no difference in clinical feature and diversification of neurochemicals between familial PD due to LRRK2 mutations and idiopathic PD, including profound dopaminergic neuronal degeneration and gliosis in the SNpc, decreased levels of dopamine in the caudate putamen, and the appearance of α-synuclein-positive LB pathology in the brainstem \[[@r47], [@r48]\], which suggests that understanding LRRK2 function has implications for all forms of PD.

1.3. Possible Mechanisms of LRRK2 in Parkinson Disease {#sec1.3}
------------------------------------------------------

### 1.3.1. MAPK Kinase Activity of LRRK2 {#sec1.3.1}

Phosphorylation of protein plays an important role in MAPK-associated signal transduction pathways in both normal and pathologic states \[[@r49]\]. The c-Jun N-terminal kinases (JNKs), p38 MAPKs and the extracellular signal-regulated kinases (ERKs) are three primary branches of the MAPK superfamily of serine/threonine protein kinases \[[@r49], [@r50]\]. JNKs, which include three isoforms (JNK1, JNK2 and JNK3), are activated by a number of environmental stresses implicated in PD including, toxins, inflammatory agonists and misfolded protein-induced ER stress \[[@r51]\]. The p38 kinases with four isoforms (p38α, p38β, p38γ, andp38δ) are mentioned more restricted to inflammatory agonists, while the two ERK isoforms (ERK1 and ERK2) are activated principally in response to mitogens, although a high level of cross-talk exists between the different MAPK branches \[[@r52]\].

Kinase domain of LRRK2 closely resembles that of mixed lineage kinases (MLKs), which mediate cellular stress responses by activating the p38 MAPKs and JNKs *via* their upstream kinases, the MKKs \[[@r53]\]. Of the MKKs, highly homologous kinases MKK3 and MKK6 act upstream of the p38 MAPKs, while MKK4 and MKK7 act upstream of the JNKs \[[@r53]\]. It is reported that LRRK2 binds to these MKKs through the COR and kinase domains, and phosphorylates the MKKs. Binding of LRRK2 to MKK6 is correlated with increased levels of both proteins in the plasma membrane and cytoplasm, and this change is dependent on the activity of MKK6 \[[@r51], [@r54]\]. Furthermore, the G2019S mutation of LRRK2 was found to exhibit a gain-of-function and enhances effect on LRRK2 kinase activity, and G2019S mutation is able to induce over-phosphorylation of MKK4Ser257, abnormal activation of MKK4-mediated cell death pathway and degeneration of SNpc dopaminergic cells in G2019S transgenic mice, which means that G2019S mutation could cause the death of SNpc dopaminergic neurons by activating JNK-c-Jun signaling pathway \[[@r10]\]. It has been suggested that over-expression of wild-type (wt)LRRK2 in human embryonic kidney HEK293 cells could selectively activate the ERKs \[[@r11]\]. In addition, neuroprotective effects of (wt)LRRK2 against hydrogen peroxide stress seemed to be mediated through ERK1/2 signaling in HEK293 and SH-SY5Y cells \[[@r55]\]. PD-associated mutants G2019S and R1441C could induce ERK phosphorylation to the same extent as (wt)LRRK2, but could not be found with kinase-dead LRRK2, which indicates that this effect is kinase-dependent \[[@r11]\]. In addition, induction of the ERK module by LRRK2 was associated with a diminutive but significant induction of SNCA, which was suppressed by treatment with the selective MAPK/ERK kinase inhibitor U0126, illustrating that LRRK2 could up-regulate SNCA transcription in HEK293 cells in a kinase-dependent manner by specific activation of the MAPK/ERK cascade \[[@r11], [@r56]\]. Thus, there is no difficulty in finding that pathological functions of LRRK2 have mainly been associated with its aberrant kinase activity, and delineating how the kinase activity of LRRK2 influence the progression of PD will be contributed to pharmaceutically efficient therapies of PD.

### 1.3.2. Relation of LRRK2 and α-synuclein {#sec1.3.2}

The SNCA gene encoding the presynaptic protein α-synuclein, located in the long arm of human chromosome 4, is one of the key molecules involved in familial and sporadic PD \[[@r12], [@r57], [@r58]\]. Three described SNCA pathogenic mutations A53T, A30P and E46K have been linked to an early-onset familial parkinsonism that presents similar to the sporadic form of PD \[[@r59]-[@r62]\]. α-synuclein comprises 140 amino acids, which form an amphipathic region, a NAC domain, and an acidic tail \[[@r63]\]. Due to the hydrophobicity of the NAC domain, α-synuclein easily forms toxic fibrillar structures and an excess amount of α-synuclein, which induces cell death, eventually leading to PD \[[@r64], [@r65]\]. α-synuclein is expressed in neurons and localized at presynaptic terminals. It is associated with the synaptic vesicles trafficking/recycling pool, and defects in vesicle exocytosis/neurotransmitter release, which observed in response to overexpression or knockdown of α-synuclein together \[[@r66], [@r67]\]. These findinds suggest that α-synuclein plays a crucial role in the regulation of synaptic function, neurotransmission, and plasticity in PD \[[@r67]\].

LRRK2 has been revealed to co-localize with early stages of aggregating α-synuclein in lower brainstem of PD and dementia with LBs patients \[[@r68]\], suggesting that LRRK2 dysfunction might contribute to the early formation of LBs. Some neuropathological studies have reported that the LRRK2-correlated neuropathology is strikingly heterogeneous, can additionally present with α-synuclein and tau pathologies \[[@r68]-[@r70]\]. Since the pathological reciprocity between LRRK2 and α-synuclein at the protein level is hard to understand, several studies established LRRK2 and α-synuclein variants mice models to research whether LRRK2 and α-synuclein act synergistically in the pathogenesis of PD. One independent study characterized a range of double-mutant mice overexpressing PD-related A53T α-synuclein mutation with various forms of LRRK2 in the mice forebrain \[[@r71]\]. The results demonstrated that LRRK2 could strength α-synuclein-mediated cytotoxicity and suggested that inhibition of LRRK2 expression may be used as a potential therapeutic choice for moderating α-synuclein-induced neurodegeneration. However, the results have been challenged by Daher, J.P., who revealed that overexpression or deletion of human G2019S LRRK2 failed to influence the premature lethality of A53T-α-synuclein transgenic mice, and LRRK2 deletion had no impact on presymptomatic behavioral deficits in these mice by adjusting LRRK2 overexpression mainly in the hind-brain of a well-established human A53T α-synuclein transgenic mouse model \[[@r72]\]. But the study failed to provide support for co-expression of LRRK2 and α-synuclein in similar neuronal populations. Subsequently, this model was further improved. Herzig *et al.* \[[@r73]\] generated double co-expressing high levels of α-synuclein and LRRK2 variants in both forebrain and brainstem neurons of a large population of transgenic mice, which demonstrated that high LRRK2 levels did not alter the levels of endogenous α-synuclein and tau and did not change α-synucleinopathy in mice, whereas high LRRK2 levels improved motor skills in the presence and absence of α-synuclein transgene-induced disease in some specific lines. With the G2019S-LRRK2 rats (G2019S+) and littermate non-transgenic controls (G2019S-) unilaterally injected with recombinant adeno-associated viral(rAAV)2/1-α-synuclein virus model, Daher, J.P. demonstrated that G2019S-LRRK2 expression exacerbates neuroinflammation and dopaminergic neurodegeneration caused by α-synuclein overexpression in comparison to wild-type rats, and these effects can be moderated by the chronic administration of an effective LRRK2 kinase inhibitor \[[@r74]\]. Moreover, the effect of LRRK2 on α-synuclein has been found to be age-dependent in one recent research. It is demonstrated that the density of striatal dopaminergic terminals, nigral cell counts, tyrosine hydroxylase protein levels and exocytotic dopamine release measured in striatal synaptosomes, or striatal extracellular dopamine levels monitored by *in vivo* microdialysis were similar between ≥12-month-old G2019S knock-in mice and wild-type controls \[[@r75]\]. Although the western blot analysis showed no genotype difference in striatal levels of endogenous α-synuclein or α-synuclein bound to 3,4-dihydroxyphenylacetaldehyde (a toxic metabolite of dopamine), an increase in dopamine transporter levels and activity and a higher Serine129-phosphorylated α-synuclein levels in the striatum of 12-month-old G2019S KI mice were detected, which were not found in 3-month-old mice \[[@r75]\]. These results of the research revealed that the G2019S mutation causes progressive dysfunctions of dopamine transporters at striatal dopaminergic terminals, along with Serine129-phosphorylated α-synuclein overload, which are not associated with dopamine homeostasis dysregulation or neuron loss but might contribute to intrinsic dopaminergic terminal vulnerability \[[@r75]\].

Therefore, the inconsistent results of these studies indicate that LRRK2-mediated exacerbation of α-synuclein neuropathology might be greatly dependent on different cell type, brain region and the age of different patients, further researches are required to understand the specific function(s) of LRRK2 on α-synuclein.

### 1.3.3. LRRK2 and α-synuclein in Neuroinflammation {#sec1.3.3}

Neuroinflammation involves the activation of microglia and astrocytes to release inflammatory mediators within the brain, and the subsequent recruitment of peripheral immune cells \[[@r76]-[@r79]\]. A lot of studies reported that chronic inflammation can contribute to the degeneration of dopaminergic neurons and the progression of PD \[[@r77], [@r78], [@r80]\]. The levels of inflammatory cytokines, especially tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-2, IL-6, IL-8, and interferon-γ (IFN-γ), have been detected elevated in the cerebrospinal fluid, blood, striatum and SNpc of experimental animal models and PD patients \[[@r81], [@r82]\]. Microglia, which are macrophages resident in the CNS, represent the first line of defense of innate immune system by conducting a suite of homoeostatic functions, and participate in many brain diseases like cerebrovascular disease \[[@r14], [@r83]-[@r86]\], glioma \[[@r87], [@r88]\], and Alzheimer\'s disease \[[@r89]\]. Microglia are responsible for homeostatic and trophic support of the nervous system, phagocytosis of extracellular debris, and the initiation of inflammation \[[@r90]\]. In PD, microglia act as the scavenger of α-synuclein to exert their protective roles, and on the other side, increasing studies provided evidence that chronically activated microglia and astrocytes may play a certain role in promoting the progression of degeneration in PD \[[@r91]\].

A lot of experimental findings pointed out that LRRK2 highly expressed in immune cells, such as B cells, microglia, macrophages, and monocytes, with lower levels in T cells \[[@r92]\], which suggests that LRRK2 might play a predominant modifying role to the innate immune system and inflammation in PD. Higher expression of LRRK2 in both B cells and monocytes as compared to T cells \[[@r18], [@r93]\] suggests a certain role in the innate immune system, or the first line of defense against infection. It is observed that after inflammation induced by LPS, a robust induction of LRRK2 protein in microglia cells of mouse SNpc or striatum occurred \[[@r94]\]. In addition, *in vitro* studies reported the similar results, which the expression of LRRK2 protein in microglia cell cultures would be increased after an inflammatory stimulus induced by LPS or IFN-γ \[[@r95]\], but not after HIV-1 Tat protein-induced inflammation \[[@r96]\]. Studies in microglia reported that the expression and phosphorylation of LRRK2 were increased after induced by Toll-like receptor2 (TLR2) or TLR4 stimulation \[[@r94], [@r97], [@r98]\], and both of these cell surface receptors have been implicated in the SYN-induced activation of microglia \[[@r99], [@r100]\]. As PD-associated mutants G2019S and R1441G of LRRK2, it is observed that the expression of LRRK2 G2019S could strengthen the mobilization of myeloid cells in response to a series of pro-inflammatory stimulant \[[@r94]\]. Furthermore, it is reported that compared with wild-type control microglia cells, microglia cells activated by LPS from LRRK2 R1441G transgene mice exerted increased expression and secretion of pro-inflammatory cytokines and reduced expression of anti-inflammatory cytokines \[[@r95]\]. And added conditioned medium from LPS-stimulated LRRK2 R1441G microglia to elementary cortical neurons could cause the increase of neuronal death compared with medium from wild-type LRRK2 microglia. Therefore, these results further indicate that LRRK2 is involved in the cellular pathways induced by inflammation, and that LRRK2 R1441G mutation might force microglia toward a pro-inflammatory state, which in turn leads to exacerbated inflammation and consequent neurodegeneration in PD patients.

Given that chronic neuroinflammation is recognized to contribute to PD pathogenesis, understanding the complex relation between LRRK2 and microglia cells may disclose novel pathways for therapeutic intervention. Increasing studies proved that the kinase activity of LRRK2 may play an important role in this mechanism. On the one hand, LRRK2 was reported to negatively regulate the clearance of α-synuclein accompanied by down-regulation of the endocytosis pathway \[[@r56]\]. The study found that α-synuclein was taken up in larger amounts and cleared from the supernatant more effectively in LRRK2-knockout microglia than for microglia isolated from wild-type (WT) mice \[[@r56]\]. Besides, as mentioned above, LRRK2 could up-regulate SNCA transcription by specific activation of the MAPK/ERK cascade \[[@r11]\]. Accumulation of toxic levels of α-synuclein could lead to the activation of both microglia \[[@r101]\] and astroglia \[[@r102]\]. After that, the TLRs including TLR4 and TLR2 in activated microglia, which promoted by a-synuclein and its oligomer, could initiate signaling pathways that promote expression of inflammatory mediators, such as nuclear factor kappa-B (NF-κB), which described as a "master switch" for gene expression of various inflammatory mediators \[[@r103]\]. The activated NF-κB subsequently increases the expression of various proinflammatory molecules \[[@r104]\]. Release of these proinflammatory molecules from activated microglia into the local milieu enhances the oxidative stress of the SNpc, which results in degeneration of dopaminergic neurons \[[@r103]\]. Consistently, loss of LRRK2 or inhibition of its kinase activity has been reported to result in increased phosphorylation of NF-κB inhibitory subunit p50 at S337, a protein kinase A (PKA)-specific phosphorylation site, with consequent accumulation of p50 in the nucleus. This abnormally higher proportion of nuclear P-p50 might hamper p65:p50, functional heterodimers of NF-κB, to efficiently bind to DNA and activate genes transcription upon LPS or α-syn-mediated inflammation \[[@r105]\]. These findings indicate a role of LRRK2 in microglia activation and sustainment of neuroinflammation and in controlling of NF-κB p50 inhibitory signaling. It was also showed that protein level of active phospho-JNK^Thr183/Tyr185^ and active phospho-c-Jun^Ser63^ was significantly upregulated in the SN of G2019S LRRK2 mice, and phospho-c-Jun^Ser63^ caused the activation of caspase-9, caspase-8, and caspase-3 \[[@r10]\]. In addition, previous studies have reported that LRRK2 exhibited the ability to phosphorylate p53 at T304 and T377 of threonine-X-arginine (TXR) motif in neurons \[[@r106]\]. As is known to all, the caspase family and p53 play a crucial role in apoptosis of cells.

Overall, the results above strongly implicated that LRRK2 plays an important role as a regulator of neuroinflammation in PD by shifting the balance between neuroprotection and neurotoxicity of microglia and might be involved in more than one cellular process due to its complex architecture with different functional domains.

CONCLUSION AND FUTURE PROSPECTIVE
=================================

PD is a fatal neurodegenerative disease that will increase in frequency based on current demographic trends. Microglia may serve as vigilant protectors in PD by internalizing and degrading pathologic α-synuclein and attenuating propagation of synucleinopathy, and this homeostatic process may be altered by inherited LRRK2 mutations. Here, we describe multiple studies for the association between LRRK2 with α-synuclein protein as well as how these interactions may contribute to neuroinflammation mediated by microglia, which may be helpful to understand the function of LRRK2 on the pathogenesis and disease progression in PD. However, many cellular pathways and processes have not been discussed here that may be regulated by mutant LRRK2, such as autophagy, Golgi complex integrity, and the endolysosomal pathway, which may contribute to neurodegeneration.

Identification of mutations in LRRK2 that cause autosomal-dominant parkinsonism turns a new chapter for PD research. There is no doubt that further structure function studies of LRRK2 are required, and a complete understanding of LRRK2 function will offer a number of opportunities for the identification of novel molecular targets for attenuating LRRK2-dependent neurodegeneration in PD.
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###### Published studies on LRRK2 kinase activity and the interaction between LRRK2 and α-synuclein in neurodegeneration.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Group**                              **Study**                                        **Model**                                                                                                                                                                                                                                                                                    **Conclusion**                                                                                                                                                                                               **Refs.**
  -------------------------------------- ------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------
  MAPK kinase of LRRK2                   Liou, A.K.F.\                                    *In vitro*: HEK293 and SH-SY5Y cells                                                                                                                                                                                                                                                         LRRK2 wild-type but not its mutants has the capacity to attenuate H2O2-induced cell death *via* activation of the ERK1/2 pathway.                                                                            \[[@r55]\]
                                         *et al*., 2008                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  Hsu, C.H. *et al*., 2010               *in vitro*: HEK293 cells *in vivo*: C. elegans   LRRK2 is able to phosphorylate MKK3, 6 and 7 and G2019S, R1441C and I2020T, enhance binding of LRRK2 to MKK6.                                                                                                                                                                                \[[@r54]\]                                                                                                                                                                                                   

  Chen, C.Y.\                            *In vivo*: G2019S LRRK2 transgenic mice          Mutant (G2019S) LRRK2 activates MKK4-JNK-c-Jun pathway in the SNpc and causes the resulting degeneration of SNpc dopaminergic neurons in PD transgenic mice.                                                                                                                                 \[[@r10]\]                                                                                                                                                                                                   
  *et al*., 2012                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  Relation of LRRK2 and SNCA             Lin, X. *et al*., 2009                           *In vivo*: LRRK2\                                                                                                                                                                                                                                                                            Over-expression of LRRK2 enhances α-synuclein-mediated cytotoxicity and inhibition of LRRK2 expression could act as a potential therapeutic option for ameliorating α-synuclein-induced neurodegeneration.   \[[@r71]\]
                                                                                          transgenic mice                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  Carballo-Carbajal, I. *et al*., 2010   *In vitro*: HEK293 cells                         LRRK2 can specifically modify SNCA biology *via* activation of the ERK/MAPK cascade that ultimately leads to SNCA transcriptional up-regulation.                                                                                                                                             \[[@r11]\]                                                                                                                                                                                                   

  Daher, J.P. *et al*., 2012             *In vivo*: A53T-α-synuclein transgenic mice      The overexpression of human G2019S LRRK2 or LRRK2 deletion failed to influence the premature lethality of A53T-α-synuclein transgenic mice.                                                                                                                                                  \[[@r72]\]                                                                                                                                                                                                   

  Herzig, M.C.\                          *In vivo*: LRRK2\                                High LRRK2 levels are well tolerated and not sufficient to drive or exacerbate neuronal α-synucleinopathy.                                                                                                                                                                                   \[[@r73]\]                                                                                                                                                                                                   
  *et al*., 2012                         transgenic mice                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  Daher, J.P. *et al*., 2015             *In vivo*: G2019S-LRRK2 transgenic mice          Chronic inhibition of LRRK2 kinase activity is well tolerated in rats and provides neuroprotection from α-synuclein overexpression.                                                                                                                                                          \[[@r74]\]                                                                                                                                                                                                   

  Maekawa, T.\                           *In vivo*:\                                      LRRK2 negatively regulates the clearance of α-synuclein accompanied by down-regulation of the endocytosis pathway.                                                                                                                                                                           \[[@r56]\]                                                                                                                                                                                                   
  *et al*., 2016                         LRRK2-KO mice                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  Longo, F. *et al*., 2017               *In vivo*:\                                      G2019S mutation causes progressive dysfunctions of dopamine transporters, along with Serine129-phosphorylated α-synuclein overload, which are not associated with dopamine homeostasis dysregulation or neuron loss but might contribute to intrinsic dopaminergic terminal vulnerability.   \[[@r75]\]                                                                                                                                                                                                   
                                         G2019S LRRK2-KI mice                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

  LRRK2 in neuroinflammation             Gardet, A. *et al*., 2010                        Clinical blood samples                                                                                                                                                                                                                                                                       LRRK2 is a target gene of IFN-γ, and it might be involved in signaling pathways relevant to Crohn\'s disease pathogenesis.                                                                                   \[[@r18]\]

  Thévenet, J.\                          Clinical blood samples                           Expression of LRRK2 protein but not mRNA in activated CD14+CD16+ monocytes.                                                                                                                                                                                                                  \[[@r93]\]                                                                                                                                                                                                   
  *et al*., 2011                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  Moehle, M.S.\                          *In vivo*: LRRK2 WT/KO mice                      LRRK2 is involved in regulating responses in immune cells of the brain and further implicate microglial involvement in late-onset PD.                                                                                                                                                        \[[@r94]\]                                                                                                                                                                                                   
  *et al*., 2012                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  Gillardon, F.\                         *In vivo*: LRRK2\                                Enhanced neuroinflammation may contribute to neurodegeneration in Parkinson\'s disease patients carrying LRRK2 mutations.                                                                                                                                                                    \[[@r95]\]                                                                                                                                                                                                   
  *et al*., 2012                         transgenic mice                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  Russo, I.\                             *In vitro*: Lrrk2−/− primary microglia cells     The role of LRRK2 in microglia activation and sustainment of\                                                                                                                                                                                                                                \[[@r105]\]                                                                                                                                                                                                  
  *et al*., 2015                                                                          neuroinflammation acted by controlling of NF-κB p50 inhibitory signaling                                                                                                                                                                                                                                                                                                                                                                                                                                  

  Ho, D. H.\                             *In vitro*: microglia model BV2 cells            LRRK2 kinase activity in microglia can contribute to neuroinflammation in PD *via* phosphorylating p53 at T304 and T377 site.                                                                                                                                                                \[[@r106]\]                                                                                                                                                                                                  
  *et al*., 2017                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MAPK: mitogen-activated protein kinase; LRRK2: leucine-rich repeat kinase; SNCA: α-synuclein gene; ERK: extracellular signal-regulated kinase; MKK: MAPK kinase; JNK: c-Jun N-terminal kinase; SNpc: substantia nigra pars compacta; IFN: interferon; PD: Parkinson disease; NF-κB: nuclear factor kappa-B.
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